The potential threats to humans and to terrestrial and aquatic ecosystems from environmental contamination could depend on the sum of the concentrations of different chemicals. However, direct summation of environmental data is not generally feasible because it is common for some chemical concentrations to be recorded as being below the analytical reporting limit. This creates special problems in the analysis of the data. A new model selection procedure, named forward censored regression, is introduced for selecting an appropriate model for environmental data with censored observations. The procedure is demonstrated using concentrations of atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine), deethylatrazine (DEA, 2-amino-4-chloro-6-isopropylamino-s-triazine), and deisopropylatrazine (DIA, 2-amino-4-chloro-6-ethylamino-striazine) in groundwater in the midwestern United States by using the data derived from a previous study conducted by the U.S. Geological Survey. More than 80% of the observations for each compound for this study were left censored at 0.05 µg/L. The values for censored observations of atrazine, DEA, and DIA are imputed with the selected models. The summation of atrazine residue (atrazine + DEA + DIA) can then be calculated using the combination of observed and imputed values to generate a pseudo-complete data set. The all-subsets regression procedure is applied to the pseudo-complete data to select the final model for atrazine residue. The methodology presented can be used to analyze similar cases of environmental contamination involving censored data.
Introduction
It is common that some observations of environmental measurements such as herbicide concentrations in soil, air, and water are recorded as below specified analytical reporting limits due to measurement capacities or economical/practical concerns. This practice, however, creates special problems in the analysis of the data. Statistically, a data set with observations recorded as being below a certain limit is called "left censored" or simply "censored". In most environmental data analyses, censored data implies that values are only reported for those observations above some predetermined value (1) . When data are censored, censored regression, or Tobit regression (2) , is an appropriate method for data analysis (1, 3) .
Although censored regression has been widely used by statisticians and economists, it has been rarely used to analyze environmental data (4) . For environmental data, however, the total concentrations of several contaminants in the environment, each having some censored observations, may be of interest. This total concentration could be calculated using a simple summation or a weighted summation, depending of the interest of the study and compounds being considered. For example, the potential threats of atrazine contamination to humans and terrestrial and aquatic ecosystems may depend on total concentrations of several compounds such as atrazine (ATZ), deethylatrazine (DEA), and deisopropylatrazine (DIA) in the environment. DEA and DIA can both be derived from the degradation of ATZ (5) . The importance of DEA and DIA are that they are structurally and toxicological similar to ATZ (6) (7) (8) . Therefore, the risks from the same concentration level of ATZ, DEA, and DIA likely are similar. The actual risk of using groundwater as a source of drinking water may depend on the total atrazine-residue concentration (ATZ + DEA + DIA) and not that of ATZ alone. Therefore, when designing appropriate policies to improve or protect the groundwater, it is necessary to consider total atrazine residue to properly determine risk levels. Direct summation of these three atrazine compounds, however, is not feasible because censored observations of ATZ, DEA, and DIA are common in groundwater (9) . An appropriate statistical method has been developed to deal with this issue of censored environmental data.
The purpose of this paper is to present a statistical method developed for estimating significant factors that affect the total concentrations of several contaminants from measurements that include censored observations. The procedure is demonstrated using concentrations of ATZ, DEA, and DIA in groundwater. The methodology presented in this paper, however, can be used to analyze similar cases of environmental contamination involving censored data.
Atrazine Data in Groundwater
The atrazine data used for this statistical demonstration were collected in a previous study of pesticides in groundwater of the midwestern United States by the U.S. Geological Survey (10) (11) (12) . A total of 303 wells were sampled for this study (Figure 1 ). During 1991, 589 water samples were collected from these 303 wells in March-April (preplanting) and JulyAugust (postplanting). The number of samples containing reported concentrations (>0.05 µg/L) were ATZ (101), DEA (106), and DIA (32), respectively. The maximum ATZ concentration in groundwater was 2.10 µg/L, about 30% below the maximum contamination level (MCL) for atrazine (3 µg/ L). The maximum atrazine-residue concentration, however, was 4.48 µg/L, about 50% above the atrazine MCL and more than twice the maximum concentration of ATZ alone. This, however, is not an appropriate procedure for calculating a total concentration and will be addressed later. The statistical summary for concentrations above the 0.05 µg/L analytical reporting limit is given in Table 1 .
Two groups of ancillary factors also were collected for each well: hydrogeologic and land use. Because multicollinearity among the regressors causes inefficiency and inconsistency, an initial screening procedure implemented in previous research (13, 14) was used to eliminate variables that have limited explanatory power. Details of specific factors collected in the survey are given elsewhere (11, 12) . The sample statistics for selected factors are given in Table 2 .
The Statistical Model
Suppose we are interested in finding the factors that affect the total risk posed by pesticides in groundwater. The method commonly used to find the significant factors is regression analysis. Mathematically, this can be expressed as where G indicates the response (dependent) variable, x is a vector of the explanatory (independent) variables, g(x) is a function of x, and represents the modeling error (15) . For this study, x is land use and hydrogeological characteristics, and the response variable, atrazine residue, G is expressed as where ATZ, DEA, and DIA are concentration levels of atrazine and two of its degradation products in groundwater. To estimate significant factors that affect G in eq 1, it is necessary to estimate values for G given in eq 2 first. The problem arises because some observations of ATZ, DEA, and DIA are below the analytical reporting limit (0.05 µg/L). For levels below the analytical reporting limit, the observations were recorded as "less than 0.05 µg/L", and their precise values are unknown. When a sample is censored, use of a standard estimation procedure such as simple linear regression by substituting an arbitrary value for censored data or treating censored data as missing values produces biased and inconsistent parameter estimates (16, 17) . Censored regression analysis provides an appropriate method to accommodate censoring in the response variable. The censored regression model is characterized by a latent regression equation where y* t is the latent dependent variable, xt is a vector of explanatory variables, is a vector of parameters to be estimated, and the error term t is assumed to be independently and normally distributed with mean 0 and variance σ 2 . The observed dependent variable yt relates to the latent variable such that where c is the censored point. In this study, we consider the logarithmic transformation, which means that G(y t) ) log(yt).
[The standard Tobit model was considered in our preliminary analysis but was rejected based on non-nested specification test (13) . Log here means log e.] Let Φ(‚) and φ(‚) denote the univariate standard normal distribution and density functions, respectively. Then, using eqs 3 and 4, the sample likelihood function L for the lognormal Tobit model can be written as
The above likelihood function is for only one compound. The likelihood function becomes extremely complicated for the case of three compounds, having eight possible combinations. The eight cases are (1) ATZ, DEA, and DIA are all observed; (2) ATZ and DEA are observed but DIA is censored; (3) ATZ and DIA are observed but DEA is censored; (4) DEA and DIA are observed but ATZ is censored; (5) DIA is observed but ATZ and DEA are censored; (6) DEA is observed but ATZ and DIA are censored; (7) ATZ is observed but DEA and DIA are censored; and (8) ATZ, DEA, and DIA are all censored. For each case, the likelihood function is a multiplication of either the cumulative density function or the probability density function of ATZ, DEA, and DIA, depending on what data is censored. This makes estimation extremely difficult and is one of the major reasons for estimating the parameters of the regression equation for each compound separately. Furthermore, ATZ, DEA, and DIA are log normally distributed. Therefore, the distribution of G (sum of ATZ, DEA, and DIA) is unclear. The details of the likelihood function can be obtained from the authors (because of space considerations and complexity, it was not provided here). [An additional alternative approach to deal with the issue we are addressing here is to incorporate the censoring levels into the sum of the three compounds. By doing so, the sum of the three compounds is either uncensored (all three compounds are observed] interval censored (one or two compounds are censored), or left censored (all three compounds are censored). This approach, however, oversimplifies the problem for the case of at least one compound being censored. It is not clear what censoring level should be used. For example, 0.15 may be used as a censoring level for the case where all three compounds are censored. But G < 0.15 can come from an infinite number of different combinations (such as ATZ < 0.05, DIA < 0.05, and DEA < 0.05; or from ATZ < 0.10, DIA < 0.04, and DEA < 0.01). The same issue arises for the case of either one or two compounds being censored. In contrast, the methodology proposed in this study provides a precise
By maximizing the likelihood function given in eq 5, the parameters and σ can be estimated. With the estimated parameters for each compound (ATZ, DEA, and DIA), the censored data log y t can be imputed at its conditional mean as N(0,σ) . Therefore, a bias adjustment procedure (18) eliminates the main portion of the bias in the inverse transformation, Ê (Y) ) e x t ˆeσ 2 /2 , where ˆand σ 2 are the estimators for the linear model given above. This method, however, is for uncensored data. For the censored data, the adjustments given in eq 8 are necessary. The derivation of eq 8 is given in the Appendix. In this study, the parameters in the model for the data Y in the original scale are estimated (from either a nonlinear regression or transformed from the linear regression), and we can impute the censored data at its conditional expectation given in eq 8. By combining the imputed values for the censored observations and actual data for those above the censored point, pseudo-complete data sets are obtained (19) .
The procedure just described can be applied to ATZ, DEA, and DIA to impute the values for those observations below the analytical reporting limit. With the estimated dependent variable, atrazine-residue concentrations, the significant factors that relate to environmental contaminant concentrations can be found by standard regression procedures.
Censored Regression Model Selection and Imputation
As noted previously, most observations of ATZ, DIA, and DEA from the data used in this demonstration were censored at 0.05 µg/L. With censored regression data, the maximum likelihood estimation method is usually used to estimate the parameters of the regression equation. The regression parameters in eq 3 can be estimated by using the LIFEREG procedure in the SAS statistical program (20) .
To identify the significant factors that relate to atrazineresidue concentrations in groundwater, an appropriate model selection procedure has to be used. There is, however, no procedure available for selecting a term in regression with censored data. LIFEREG and other statistical programs for analyzing censored data are designed only for estimating the parameters of a given regression model. They are not programmed to perform model selection.
To select an appropriate model with censored regression analysis, the censored forward regression procedure will be used in this study (21) . The procedure is a forward stepwise procedure used with Tobit model. In this procedure, variables are added one at a time as long as they contribute significantly to the fit. The Wald-type statistic is used in judging whether
a new variable should be added to the model. The significance level is artificially determined as 0.10. With the selected model for each compound, the concentration levels for those sites where observations are recorded as below the analytical reporting limit could be imputed based on eq 8. The total atrazine-residue concentration for each site can then be calculated by using observed data for those sites where observations are above the analytical reporting limit and imputed data for those below the analytical reporting limit. Finally, the all-subset model selection procedure (22) can be used to select the final model for atrazine residue. The adjusted R 2 is used for selecting the final model. Therefore, the all subsets regression procedure simply picks the model with the highest R 2 value.
Multiple Imputation
Although imputing the censored data at its conditional mean, allowing the use of standard complete-data methods of analysis is commonly used in practice; it has the drawback in that it treats the censored data as known values. This kind of treatment ignores the actual variability in the censored data values. Research has shown that a multiple imputation with random sample of size m ) 2 can greatly improve the confidence interval coverage probabilities, performing better than the single sample imputation method in all studied cases (23) . When there are more data censored, the random sample size should be increased. Comparing the amount of information missing in the previous study (23) to the amount of censored data in this demonstration, we selected a random sample size of 5 to insure a reasonably accurate imputation result. This method was used to examine the robustness of the parameter estimation from the pseudo-complete data sets.
Empirical Results
By using the model selection procedure discussed above, the three censored regression models for the three atrazine compounds (ATZ, DEA, and DIA) were selected. The final selected models are given Tables 3 (ATZ), 4 (DEA), and 5 (DIA). The variables listed in Tables 3-5 are in the sequence of the variables entered in the models. For instance, the variable of the best one-term model for ATZ is USEHD, the variables in the final two-term model for ATZ include USEHD and USEPD, and so on. The details about the estimated parameters and their 2 test values are also given in Tables  3-5 .
With the estimated censored regression equations, the values of censored observations can be imputed based on eq 8. The values of μ in eq 6 were calculated by using the estimated parameters from Tables 3-5. The conditional mean for each compound at each censored site is imputed with eq 8 also using the estimated parameters from Tables  3-5 .
With the estimated mean for each compound (ATZ, DEA, DIA) at each censored site and a standard deviation, five sets of observations were generated for each site. With randomly generated values, the inverse transformation based on eq 8 was used to obtain an imputed value for each site. At the end of this process, five pseudo-complete data sets were obtained.
The statistics of the pseudo-complete data are given in Table 6 . The means of the imputed minimum concentrations for censored data based on the five pseudo-complete data sets were 4.48 × 10 -5 , 1.274 × 10 -4 , and 9.576 × 10 -9 for ATZ, DEA, and DIA, respectively, much less than the censored limit of 0.05 µg/L. Previous research has confirmed the prevalence of ATZ and DEA concentrations in groundwater below 0.05 µg/L (24) . The frequency of atrazine detection roughly doubles if the reporting limit is lowered from 0.05 to 0.003 µg/L.
By using the pseudo-complete data, the final model for atrazine residue was estimated by an all-subset model selection procedure (22) , although other methods, such as the sum of squares analysis, could also have been used. The final selected models are not given here because of the issue discussed in the multiple imputation section. The model was not unique, depending on which pseudo-complete data set is used. In Table 7 , only the sign and significance level for the variables are given. Five final models selected from five pseudo-complete data sets for atrazine residue were identical in terms of variables selected, significant levels, and signs of coefficients, indicating the stability of the model. The model selected estimates based on each pseudo-complete data set and is the best model obtained from the list of 20 potential explanatory variables available (Table 1) .
Appendix: Derivation of the Mean for the Truncated Lognormal Distribution
The variable Y is lognormally distributed if T ) log Y is normally distributed with mean µ and variance 
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